The C-terminal hypervariable domain of K-Ras4B targets the protein to the plasma membrane by a combination of positive charge and a hydrophobic signal (farnesyl group). We analysed the contribution of several structural features of the domain: net charge, charge distribution, amino acid sequence and lipid speci®city to membrane targetting and function by using arti®cial hypervariable' domains fused to either EGFP or V12K-Ras4B. We found that charge and a lipid residue are sucient for plasma membrane localization and function of the constitutively active V12K-Ras4B. However, the amount of net charge, charge distribution and the length of the anchoring domain are important. Increasing the net charge and concentrating it close to the C-terminus increases not only the percentage of membrane bound protein, but also shifts the distribution from internal membranes, including the nuclear envelope, to the plasma membrane. While plasma membrane binding is necessary for V12K-Ras4B activity (MAPK activation and focus formation), we found that there are additional restrictions. In particular, mutants with very highly charged domains that bind almost exclusively to the plasma membrane show less transforming potential than expected. In addition, a construct with a short`hypervariable' domain (7 amino acids) also has decreased transformation activity. These results suggest that speci®c interactions between K-Ras4B and the plasma membrane are required. Oncogene (2000) 19, 4582 ± 4591.
Introduction
Human cells contain four Ras homologues: H-Ras, NRas, K-Ras4A and K-Ras4B. They are ubiquitously expressed and act as molecular switches, cycling between an inactive GDP-bound state and an active GTP-bound state which modulates signalling pathways involved in cell growth and dierentiation. The proteins consist of 188 or 189 amino acids. The ®rst 85 amino acids are identical, the following 80 residues exhibit more than 80% homology between any pair of Ras isoforms. (In the case of K-Ras4A and K-Ras4B, only two amino acids are dierent.) In contrast, the remaining 25 residues (=hypervariable domain) are highly divergent (for reviews see Barbacid, 1987; Lowy and Willumsen, 1993; Malumbres and Pellicer, 1998) .
The N-terminal 165 amino acids of Ras contain all the domains required for known eector interactions, and all activated (GTP-bound) Ras homologues bind in vitro to the same set of eectors (Raf kinases, phosphoinositide 3 kinase (PI3-K), Ral GDS and AF6) with similar anities (Herrmann et al., 1995; Kikuchi et al., 1994; Kuriyama et al., 1996; Moodie et al., 1993; Rodriguez-Viciana et al., 1994 , 1996 Vojtek et al., 1993; Warne et al., 1993) . But there are results which suggest that they might serve distinct functions in vivo: (i) K-Ras, but not H-or N-Ras, is essential for the development of mouse embryos (Johnson et al., 1997; Koera et al., 1997) . (ii) Ras homologues dier in their ability to induce transformed foci on monolayers of contact-inhibited cells, to support anchorage-independent growth, to stimulate cell migration and to activate Raf1 and PI3-K (Voice et al., 1999; Yan et al., 1998) . (iii) Oncogenic Ras proteins are expressed selectively in dierent types of human cancers: Mutated forms of KRas occur in *90% of pancreatic, 50% of colon and 30% of lung adenocarcinomas, whereas mutated Nand H-Ras are rare in these cancers (Bos, 1989) . On the other hand, about 25% of the acute leukemias harbour N-Ras, but only rarely K-or H-Ras mutations (Ahuja et al., 1990) .
Because the hypervariable regions, which serve as plasma membrane targetting motives, are speci®c for each Ras isoform, it has been postulated that they contribute to the dierences observed between the isoforms, and that they might do so by interacting with speci®c membrane structures (Roy et al., 1999) . This is supported by the fact that these domains have been conserved in evolution, and that changes in their structure can aect the activation of downstream eectors without impairing plasma membrane targetting (Yan et al., 1998) . Two signals within the hypervariable region are required for membrane localization of Ras proteins: a farnesyl moiety attached to the C-terminal cysteine derived from the CAAX motif and either palmitoyl moieties linked to cysteines (H-Ras, N-Ras and K-Ras4A) or positive charge provided by a polybasic domain of six contiguous lysine residues (K-Ras4B) (Hancock et al., 1990 (Hancock et al., , 1991 . Whereas the role of palmitoylation and other structural features of the C-terminus in plasma membrane targetting and transformation of H-Ras has been studied extensively Coats et al., 1999; Willumsen et al., 1996) , much less is known about the contribution of the structural features of KRas4B.
The hypervariable region of K-Ras4B contains 12 lysine residues, six of which are contiguous and make up the polybasic domain. Lysines are believed to support plasma membrane binding nonspeci®cally by electrostatic interactions. However, it is not clear whether the combination of charge and hydrophobic lipid is sucient to functionally and selectively locate K-Ras4B in the plasma membrane in vivo, or whether the speci®c amino acid sequence of the hypervariable domain is required for full functionality. Con¯icting results about the function of the polybasic domain in cell transformation assays have been reported (Hancock et al., 1990; Jackson et al., 1994) .
We analysed the role of several structural features of the hypervariable domain of K-Ras4B in membrane targetting and cell transformation using a systematic mutational approach. We demonstrate that although positive charge is sucient to support plasma membrane binding of prenylated proteins in vivo without the need for any sequence or lipid speci®c interactions, the length of the domain and the distribution of the charge close to Cys 185 are important for ecient plasma membrane targetting and transformation activity.
Results

Role of the polybasic region in subcellular localization
We used fusion constructs between EGFP and wild type or modi®ed hypervariable regions of K-ras4B to study the role of positive charge in membrane targetting. The details of all the constructs and a summary of the results obtained are displayed in Figure 1 . NB2a rat neuroblastoma cells were transfected and the subcellular localization of the EGFP fusion proteins was determined by video-enhanced uorescence microscopy or by confocal microscopy of living cells and by Western blots of the supernatant and membrane fractions. In order to more clearly identify the localization of the¯uorescent proteins under the microscope, cells were stimulated with LPA. This results in the formation of plasma membrane blebs which are devoid of organelles (Hagmann et al., 1999) , allowing the distinction between internal and plasma membranes. All the constructs were expressed and gave rise to proteins of the expected size (data not shown). Figure 2 shows that the wt hypervariable region of K-Ras4B directs the fusion protein to the plasma membrane (EGFP ± last20aaK-Ras4B); intracellular membranes and the cytosol are hardly¯uorescent. In agreement with the results obtained by others (Choy et al., 1999) , EGFP ± CVIM, a construct containing only the farnesylation site but lacking the rest of the hypervariable region, was mainly cytosolic, although in some cells¯uorescence could be detected associated with membranes close to the nucleus, presumably endoplasmatic reticulum and/or Golgi (Figure 2) . In contrast, a construct containing the last 20 amino acids of the hypervariable region, in which the six lysines of the polybasic domain were replaced by six glutamine residues (EGFP ± last20aaK-Ras4B6Q), showed signi®-cant binding to intracellular membranes (including the nuclear envelope) and the plasma membrane, although the major part was still soluble after cell fractionation (Figure 2 ). These results show that the polybasic region enhances, but is not absolutely required for, plasma membrane targetting and that there are signi®cant dierences in targetting potential between EGFP ± CVIM and EGFP ± last20aaK-Ras4B6Q mutants.
Effect of the net charge on the subcellular localization of EGFP fusion proteins
The construct EGFP ± last20aaK-Ras4B6Q lacks the polybasic region, but still contains four basic residues, two lysines upstream and two downstream from the stretch of six glutamines (Figure 1 ). We next asked whether binding of farnesylated constructs to the plasma membrane depends on positive charge, on the speci®c amino acid sequence of the hypervariable region, or on both. An analysis obtained with constructs consisting of an increasing number of lysine residues preceding the CAAX box showed that membrane binding correlated with the number of lysines (Figure 3) . At the same time, a shift from internal membranes to the plasma membrane is observed. Studies performed with the confocal microscope showed that while the majority of EGFP ± 3KCVIM is found in the cytosol and on internal membranes including the nuclear membrane, EGFP ± 12KCVIM almost exclusively stains the plasma membrane, and that the results obtained with EGFP ± 4KCVIM and EGFP ± 6KCVIM lie in-between ( Figure 3 ). The nature of the positively charged amino acids is not important as shown by the fact that lysines can be replaced by arginine residues (see e.g. EGFP-6(KR)CVIM, Figure 3 ). These results show that, in addition to the farnesyl moiety, charge is the only determinant for membrane binding, and that the speci®c sequence of the wild type hypervariable domain is not important.
Effect of charge distribution on membrane localization
EGFP fused to peptides of constant length (16 amino acids including the CVIM farnesylation signal) and charge (+6) were used to study the eect of charge distribution on membrane targetting. Alanine was used for the uncharged spacer residues. We chose a charge of +6 because the studies described above show that while it leads to strong plasma membrane binding, some label is still found on internal membranes. The results shown in Figure 4 demonstrate that a concentration of positively charged amino acids at the carboxyterminal end of the hypervariable region favours plasma membrane binding (EGFP-6A6KCVIM, Figure 4a ). When the six lysines are separated from the CAAX box by six alanines (EGFP-6K6ACVIM, Figure 4b ), distribution is shifted towards internal membranes and the cytosol. When they are evenly distributed throughout the arti®cial`hypervariable' region, the results lie between the two extremes (EGFP-6(AK)CVIM (Figure 4c ), EGFP-3(AAKK)C-VIM (Figure 4d ), and EGFP-3K6A3KCVIM ( Figure  4e) ).
Effect of the lipid group on membrane localization
We studied the question whether the speci®city of the lipid moiety plays a role in membrane targetting by comparing two pairs of constructs: (1) EGFPlast20aaK-Ras4BAla and myr-last20aaAlaK-Ras4B-EGFP; (2) EGFP-®rst14aaSrcCVIM and ®rst14aaSrc-Oncogene C-terminus in function of K-Ras4B A Welman et al EGFP. Within each pair, one of the mutants had a farnesylated targetting domain attached to the Cterminus of EGFP, the other one had an identically organized, but myristoylated domain attached to the N-terminus (see Figure 1 for details). The mutation of the lysine residue directly following the myristoylation site in the myr-last20aaK-Ras4BAla-EGFP construct was necessary because the myristyl transferase favours uncharged amino acids at that position (Johnson et al., 1994) . Figure 5a ± d show that the distribution pattern of constructs within each pair was indistinguishable, though there were signi®cant dierences between the pairs. The mutants based on the last 20 amino acids of K-Ras4B were localized mainly at the plasma membrane, whereas Src-based constructs were targetted to internal membranes (including the nuclear envelope) and the plasma membrane. The distribution of myristoylated constructs was not aected by EGFP Figure 1 Constructs used and summary of results. Transformation: (7) 55%; (+) 5 ± 20%; (++) 20 ± 45%; (+++) 45 ± 70%; (++++) 70 ± 90%; (+++++) 490% of transforming activity of V12K-Ras4B-Normal end de®ned as foci/1000 G418 resistant colonies of NIH3T3 cells. Proportion in the membraneous fraction: (7) 55%; (+) 5 ± 20%; (++) 20 ± 40%; (+++) 40 ± 70%; (++++) 70 ± 90%; (+++++) 90 ± 100% of total protein detected on the blot, (ND) not determined. Results based on fractionations of NB2a cells. Localization in membranes: (PM) plasma membrane; (IM) internal membranes without nuclear membrane; (NE) nuclear envelope; (+) strong signal; (+/7) signal weak and/or not present in all cells; (7) no detectable signal. Results obtained by confocal microscopy analysis of NB2a cells as shown by the fact that two other membrane targetting sequences derived from Fyn and Yes were able to eciently direct EGFP to the plasma membrane (Figure 5e ,f). The cytoplasmic¯uorescence of myr-last20aaK-Ras4BAla-EGFP is most likely due to accumulation of unprocessed protein, as indicated by the fact that the¯uorescence was also detected in the nucleus. McCabe and Berthiaume (1999) have demonstrated that myristoylation is sucient to exclude the protein from this compartment. Moreover we were able to detect signi®cant amounts of unprocessed myr-last20aaK-Ras4BAla-EGFP in homogenates of NB2a cells (data not shown). Taken together, the results depicted in Figure 5 show that the nature of the lipid moiety has no in¯uence on membrane targetting.
Effect of charge mutants on the activation of the MAP kinase pathway
The data described so far show that positive charge combined with a lipid moiety is sucient to target a protein to the plasma membrane, and that the higher the charge close to the CAAX box, the bigger the shift towards plasma membrane localization. However, the requirements for plasma membrane targetting and Ras functions might not be the same. We therefore tested constitutively active mutants of K-Ras4B (V12K- Figure 2 Localization of EGFP-CVIM, EGFP-last20aaK-Ras4B6Q and EGFP-last20aaK-Ras4B in NB2a cells analysed by (a) confocal microscopy, (b) Western blots of subcellular fractions and (c) video-microscopy of blebbing cells. The two bands in the blots decorated with anti GFP antibodies were due to the presence of an additional start codon 15 base pairs upstream of the natural start codon. S, soluble fraction (S120); P, pellet fraction (P120); scale bars, 5 mm Figure 3 Localization of farnesylated EGFP-fusion constructs of increasing positive charge. Confocal microscopy images of live NB2a cells and Western blot analysis of subcellular fractions. S, soluble fraction (S120); P, pellet fraction (P120); scale bars, 5 mm Oncogene C-terminus in function of K-Ras4B A Welman et al Ras4B) modi®ed by the arti®cial targetting sequences described in the previous sections (Figure 1 ). All the mutants were fully prenylated, only V12K-Ras4B-3KCVIM showed a minimal amount (515%) of unprocessed protein (data not shown). Their distribution between membranes and cytosol was as expected from our experiments with the EGFP constructs, with the exception of V12K-Ras4B-3KCVIM which was restricted to the supernatant, and of V12K-Ras4B-6KCVIM, the membrane association of which was reduced when compared with EGFP-6KCVIM or V12K-Ras4B-6A6KCVIM (Figure 6 ), indicating that a minimal length of the hypervariable domain is required for ecient membrane targetting of K-Ras4B. The confocal microscopy analysis of the K-Ras4B mutants with N-terminally attached EGFP con®rmed that all the Ras constructs detected in the membrane fraction were present in the plasma membrane and that their intracellular distribution resembled that of the EGFP constructs described above (Figure 1 ). All the mutants were able to activate the MAP kinase pathway as judged by the phosphorylation of Erk, with the exception of V12K-Ras4B-3KCVIM which failed to associate with membranes ( Figure 7) . Thus, plasma membrane localization seems to be necessary and sucient for activating MAP kinase.
Transforming potential of C-terminal charge mutants of V12K-Ras4B
Cell transformation as judged by the focus formation assay might depend on paths that are dierent from the MAP kinase pathway (Khosravi-Far et al., 1996; Qiu et al., 1995; Roux et al., 1997; White et al., 1996) . We transfected NIH3T3 cells with some of the mutants described above. To make sure that there were no signi®cant, cell speci®c dierences in membrane targetting, NIH3T3 cells were transfected with myctagged K-Ras4B constructs. The myc-tags were necessary, because in contrast to NB2a cells, NIH3T3 ®broblasts express a detectable amount of endogenous Ras. The results obtained after subcellular fractionation were comparable to the results shown for NB2a cells transfected with K-Ras4B mutants (data not shown). All the mutants with the exception of V12K-Ras4B-3KCVIM generated foci on monolayers of NIH3T3 ®broblasts, demonstrating that the speci®c sequence of the hypervariable region and the polybasic domain (the stretch of six contiguous lysines) are not necessary for this function of K-Ras4B. However, we found that the extent of focus formation did not correlate with the extent of plasma membrane localization. In particular, V12K-Ras4B-12KCVIM and V12K-Ras4B-6(KR)CVIM, both of which are almost exclusively plasma membrane bound (Figure 6 ), displayed weak transforming potential only ( Figure  8) . Also, V12K-Ras4B-6KCVIM generated but few foci compared to mutants containing C-termini of 12 amino acids, even though it binds to membranes more eciently than e.g. V12K-Ras4B-6K6ACVIM.
Discussion
Ras proteins consist of an eector domain and a short membrane anchor of 20 ± 25 amino acids, the hypervariable domain. The eector domains of H-Ras, NRas, K-Ras4A and K-Ras4B resemble each other in both form and function. The hypervariable domains, on the other hand, dier strongly. Although they are all farnesylated, their amino acid sequences are unrelated to each other with the exception of the carboxyterminal CAAX box required for farnesylation. Between species, however, hypervariable regions are conserved. So far, membrane anchoring is the only function that has been attributed to the hypervariable domain. Plasma membrane targetting is necessary for Ras activity, but the role of the natural anchor can be assumed by unrelated N-terminally attached targetting motives ± the Src-derived myristoylated domain (Willumsen et al., 1996) or the mutated transmembrane domain of the E1 protein of avian infectious bronchititis virus (Hart and Donoghue, 1997) ± without loss of function. Thus, conservation of the domain could mean that: (i) the known plasma membrane targetting signals (farnesyl moiety together with either palmitoyl residues or polybasic domain) are only eective when surrounded by the appropriate amino acids; (ii) the known targetting signals direct the molecules to the plasma membrane where the surrounding amino acids restrict their localization to speci®c microdomains (rafts) or docking proteins; or (iii) the hypervariable domains have eector functions not yet discovered.
We analysed the contributions of lipid, charge and amino acid sequence to membrane targetting and function of K-Ras4B which has been studied less extensively than the other three species. To that purpose, mutated hypervariable regions were joined to the carboxy-end of the EGFP gene, transfected into NB2a cells, and the localization of the proteins was observed by video-and confocal microscopy of live cells and by immunoblotting of subcellular fractions. Recent reports investigating EGFP-tagged Ras proteins underline the necessity of studying Ras dynamics in live as opposed to ®xed cells (Choy et al., 1999; Niv et al., 1999) . Our ®ndings can be summarized as follows: Introduction of positive charge into our targetting domains increased the fraction of membrane-bound EGFP. The higher the charge introduced into the hypervariable region, the bigger was the shift from the cytosol to the membrane fraction. In addition, we observed a concomitant shift from internal membranes, including the nuclear envelope, to the plasma mem- They found that when they decreased the positive charge of a Src targetting domain attached to the amino-terminus of GFP, the constructs accumulated in internal membranes and the nuclear envelope. In our experiments, the exact position of the lysines was not important. In particular, there was no need for the polybasic domain as de®ned by a stretch of six contiguous lysines starting at position 175. Earlier studies concentrated on the polybasic domain rather than on the overall structure of the hypervariable region. Jackson et al. (1994) found that the polybasic domain was not essential for membrane binding, but Hancock et al. (1990) came to opposite conclusions. It should be noted, however, that these results were obtained based on subcellular fractionations which did not distinguish between internal and plasma membranes, and with ®xed and not live cells. But Choy et al., using a live cell system, reported that replacement of the six lysines by glutamines, in contrast to what we observed, prevented plasma membrane localization and gave results which were indistinguishable from those obtained when EGFP was coupled to the CAAX box only (Choy et al., 1999) . We don't know the reason for the discrepancy, but it should be remembered that both cell type and culturing conditions were dierent. Although in our hands the polybasic domain is not necessary, charge situated close to the CAAX box was more eective than charge situated further upstream.
Exchanging the carboxy-terminal farnesylated anchoring sequence with a corresponding mirror-image amino-terminal sequence containing a myristoylation site gave indistinguishable targetting results ( Figure 5 ). Farnesyl and myristoyl groups have similar hydrophobic properties (Resh, 1996) . We therefore conclude that the hydrophobicity of the lipid group, but not its speci®city, is important.
Finally, by substituting all the amino acids of the hypervariable region by either alanine or lysine, we have shown that the speci®c amino acid sequence is irrelevant for membrane targetting. This does not exclude the possibility, however, that a speci®c sequence (and/or a speci®c lipid) might target proteins to particular subdomains or docking proteins within the plasma membrane, as has been suggested by several authors (Niv et al., 1999; Roy et al., 1999; Siddiqui et al., 1998) Detailed studies of the pathways involved in posttranslational modi®cations of Ras proteins have shown that, initially, Ras is farnesylated in the cytosol and binds to the ER membrane. After cleavage of the terminal three amino acids of the CAAX box the farnesylated cysteine is methylated. H-Ras and N-Ras which, in addition to farnesylation, become transiently palmitoylated, move through the Golgi and an exocytotic vesicle compartment to the plasma membrane (Choy et al., 1999) . K-Ras4B, on the other hand, seems to move directly from the ER to the plasma membrane, possibly with the help of microtubules. Targetting of EGFP constructs to dierent membranes may be interpreted as the result of (a) dierent anities to dierent membranes, (b) an inhibition of the transport from the Golgi to the plasma membrane or (c) trapping and enrichment of the protein in one particular compartment. In vitro experiments using synthetic liposomes showed that charged lipidated peptides discriminate between lipid surfaces of diering charge (Leventis and Silvius, 1998) . But in the absence of data on charge dierences between dierent membranes in vivo it is too early to conclude that mechanism (a) is involved. On the other hand, it is noteworthy that binding of K-Ras4B, but not of the other Ras species, to tubulin has been demonstrated in vitro (Thissen et al., 1997) . Both farnesylation and basic residues are required for the interaction. Moreover, treatment of NIH3T3 cells with the microtubule drug taxol did block plasma membrane targetting of K-Ras4B, but not of H-Ras (Thissen et al., 1997) . And ®nally, it has recently been discovered that KIF1A, a single-headed motor of the kinesin superfamily, interacts with microtubules through a positively charged, lysine-rich loop (Okada and Hirokawa, Transforming activity was de®ned as the number of foci/1000 G418 resistant colonies normalized to V12K-Ras4B-Normal end which generated 261 foci/1000 G418 resistant colonies and 2253 foci/ mg of plasmid DNA. Data based on three independent experiments performed in duplicates 2000). It will therefore be worthwhile to pursue the hypothesis that positive charge serves as a targetting signal for the plasma membrane by using a microtubule-mediated transport mechanism.
When the altered hypervariable regions used for the EGFP constructs were attached to constitutively active V12K-ras4B, we found that they kept their membrane targetting properties. Their length, however, had a more pronounced eect than when used in combination with EGFP, as seen by the fact that V12K-Ras4B-3KCVIM was restricted to the soluble fraction and that V12K-Ras4B-6KCVIM reached the plasma membrane to a limited extent only (compare Figures 3 and  6 ). This indicates that targetting results obtained with soluble model proteins such as EGFP, while yielding many useful insights, should not be extrapolated to other proteins without controls.
The amount and distribution of positive charge and a lipophilic residue are thus the only crucial features for the plasma membrane targetting function of the hypervariable region of K-Ras4B, the speci®c amino acid sequence, the nature of the positively charged amino acids and the nature of the lipid are irrelevant. Is this also true for the function of constitutively active V12K-Ras4B? We analysed the capacity of V12K-Ras4B equipped with modi®ed hypervariable regions to activate MAP kinase. All the mutants which were targetted to the plasma membrane were able to activate the kinase (Figure 7 ). That we did not ®nd signi®cant quantitative dierences between the constructs might be due to a saturation of the eect.
All the modi®ed V12K-Ras4B constructs which reached the plasma membrane also induced the formation of foci. None of them, however, was as transforming as the construct with the wild type hypervariable domain, suggesting that the mode of interaction with the plasma membrane is crucial for KRas4B-mediated transformation. There were a few remarkable discrepancies between the extent of membrane binding and focus formation activity: despite very eective binding to the plasma membrane, the highly charged mutants, V12K-Ras4B-12KCVIM and V12K-Ras4B-6(KR)CVIM produced only few foci (Figure 8) . If the positively charged stretches of these arti®cial hypervariable regions become closely apposed to negatively charged lipids in the plasma membrane, the eector domains might be prevented from interacting with their target molecules. The result obtained with V12K-Ras4B-6KCVIM, which was also less transforming than expected, suggests that in addition the length of the domain anchoring Ras in the plasma membrane might be important. H-Ras was inactive when the length of the spacer between the eector domain and a Nterminally attached transmembrane domain from E1 protein was restricted to three amino acids, despite the fact that it bound to the plasma membrane (Hart and Donoghue, 1997) . It is conceivable that the eector domain of Ras has to reach into the cytosolic compartment in order to interact with other proteins, and that this is prevented if the hypervariable region is highly charged throughout or if it is too short.
In conclusion, we found that the physico-chemical characteristics of the hypervariable region of K-Ras4B ± charge, lipophilicity and length ± are sucient to direct the marker protein EGFP, the constitutively active V12K-Ras4B and the fusion protein EGFP-S12K-Ras4B to the plasma membrane. No speci®city of the amino acid sequence or of the lipid is required. The same rules apply to the activation of the MAP kinase pathway and to the focus formation activity of V12K-Ras4B. This leaves the question why hypervariable regions have been conserved between species unanswered. Possibly, the hypervariable regions interact with the eector domains of wild type Ras, but not with the constitutively active forms. It has been demonstrated that replacement of 15-carbon farnesyl by the 20-carbon geranylgeranyl moiety inhibits the function of wild type but not oncogenic H-Ras (Cox et al., 1992) . In addition, Buss et al. (Buss et al., 1989) found that when they replaced the natural membrane anchor of wild type H-Ras by a myristoylated Nterminal anchoring domain the transforming activity increased a thousand-fold, suggesting that the Cterminus normally restrains the activity. Consistent with this hypothesis are the results of structural studies showing that the C-terminus of H-Ras forms a helical hairpin and approaches the amino-terminal transforming region of the protein (Brandt-Rauf et al., 1990; Monaco et al., 1995) . Studies in our laboratory that will try to answer these questions are under way.
Materials and methods
Expression plasmids and cDNA constructs
The eukaryotic expression vector pbactinEGFP which contains the full-length bactin promoter was obtained from Dr A Matus (Friedrich Miescher-Institute, Basel) . It is identical to the vector described by Ludin et al. (Ludin et al., 1996) , but has a dierent cloning region consisting of ClaI, EcoRV and NcoI restriction sites preceded by a Kozak sequence. A vector lacking EGFP (pbactinEGFP(7)) was created by replacing the multiple cloning site and the EGFP coding region of pbactinEGFP with a polylinker containing the restriction sites EcoRI, EcoRV, NcoI, BsrGI and XbaI. The vector pN1bactinEGFP(7) was obtained by combining the Kanamycine/G418 resistance module of pEGFPN1 (Clontech) with the bactin promoter, the polylinker region and the polyadenylation site derived from pbactinEGFP(7). The pbactinEGFP(7)myc vector was generated by introducing the start codon followed by the sequence coding for the c-Myc epitope (EQKLISEEDL) into the EcoRV site of the pbactinEGFP(7).
The EGFP targetting constructs were made by synthesis and puri®cation of complementary oligonucleotide strands which were annealed and inserted into the BsrGI ± XbaI sites at the C-terminus of EGFP or into the EcoRV ± NcoI sites situated in front of EGFP. The BsrGI site is located within the coding sequence for EGFP immediately preceding the stop codon. Insertion at that position did not aect thē uorescent properties of EGFP. Wild type K-ras4B was ampli®ed from a human bone marrow library (5'-stretch plus cDNA library, Clontech, Cat. No. HL 5005b) using the following primers: ACG AGC TGT ACA AGA TGA CTG AAT ATA AAC TTG TGG TAG TTG GAG C (N-terminus) and TTA CTT GTA CAT TAC ATA ATT ACA CAC TTT GTC TTT GAC TTC TTT TTC TTC TTT TTA CC (C-terminus). It was inserted into the BsrGI site of the pbactinEGFP vector and used for sitedirected mutagenesis generating the constitutively active mutants V12K-ras4B and S12K-ras4B. V12K-ras4B was modi®ed by terminating it at amino acid 164 and inserting a sequence containing the two restriction sites HindIII and XbaI instead. This construct was subcloned into pbactinEGFP(7), pN1bactinEGFP(7) and pbactinEGFP(7)-myc using the EcoRV ± BsrGI sites. C-terminal modi®cations of V12K-ras4B were then obtained by inserting synthetic dsDNAs into the HindIII ± XbaI sites. C-terminal mutants of EGFP ± S12K-ras4B were created after excision of the natural C-terminus with XbaI and replacing it with the appropriate sequences obtained with the same restriction enzyme from the V12K-ras4B constructs described above.
All constructs were veri®ed by sequencing. They are listed in Figure 1 .
Cell cultures, transfections and microscopy
Rat neuroblastoma NB2a cells were maintained in DMEM supplemented with 10% fetal calf serum. Plasma membrane blebs were induced by the addition of 1 mM LPA as described (Hagmann et al., 1999) . NIH3T3 cells were cultured in DMEM with 10% newborn calf serum.
Transfections were performed using Lipofectamine Plus (Life Technologies) according to the instructions provided by the manufacturer.
Live NB2a cells were grown on a coverslip glued over a hole in the bottom of a 6 cm Petri dish and observed 17 ± 22 h after transfection as described (Hagmann et al., 1998) . Video microscopy was performed under an inverted microscope (Zeiss Axiovert 35) equipped with an Endow EGFP ®lter set (Chroma Technology Corp., Brattleboro VT, USA) and a slow-scanning CCD camera (Micro Max, Princeton Instruments, Trenton, NJ, USA), the images were acquired and processed by the Metamorph software (Universal Imaging, West Chester PA, USA). Confocal microscopy pictures were taken using an inverted Leica microscope equipped with the TCS confocal system and an Ar/Kr laser through a 1006 objective with a numerical aperture of 1.4.
Antibodies, polyacryamide gel electrophoresis and Western blotting
The following antibodies were used: polyclonal rabbit anti-GFP (Clontech, Cat. No. 8363-2); monoclonal pan anti-Ras antibody 4 (Oncogene Research Products, Cat. No. OP41); phospho p44/p42 MAP kinase (Thr202/Tyr204) E10 monoclonal antibody (New England Biolabs, Cat. No. 91065); anti-Erk rabbit polyclonal antibody (Santa Cruz Biotechnology, ; mice monoclonal anti c-Myc antibody (Santa Cruz Biotechnology, .
SDS ± PAGE was performed as described (Laemmli, 1970) . The polyacrylamide concentration was 10% for EGFP-fusion constructs and MAP kinase analysis and 12.5% for the analysis of Ras mutants. Proteins were blotted onto PVDF membranes (Millipore), decorated with the appropriate ®rst antibody and a horseradish peroxidase-coupled anti-mouse or anti-rabbit secondary IgG (Dako, Glostrup, Denmark) and detected with the ECL Western blot detection reagent from Amersham Life Science.
Subcellular fractionations
NB2a or NIH3T3 cells cultured in 10 cm dishes to *70% con¯uency were transfected with 5.5 mg of plasmid DNA. 17 ± 23 h later, they were washed with cold PBS, resuspended in 1 ml of ice-cold hypotonic buer (10 mM HEPES pH 7.5; 10 mM NaCl; 1 mM MgCl 2 ; 1 mM CaCl 2 ; 1 mM KCl) containing protease inhibitors (leupeptin 10 mg/ml; aprotinin 1%; AEBSF 1 mM), incubated on ice for 15 min and homogenized by 25 passages through a 25G 5 / 8 (0.5616) needle. After centrifugation for 5 min at 500 g, 900 ml of the postnuclear supernatant was centrifuged for 30 min at 120 000 g. The supernatant (soluble fraction) was quantitatively transferred to another tube and the pellet (membraneous fraction) resuspended in 200 ml of hypotonic buer. Appropriate volumes of 56SDS-sample buer were added to each fraction. Equal proportions of each fraction were analysed by polyacrylamide gel electrophoresis and Western blotting.
MAP kinase activation
NB2a cells were cultured to 70% con¯uency in 6 cm dishes and transfected with 3.5 mg of plasmid DNA. After 17 ± 19 h, the cells were starved for 8 h by replacing the serum-supplemented medium with medium without serum. Cells were dissolved in 150 ml of 2.56SDS sample buer, and 15 ml aliquots were analysed by SDS ± PAGE and Western blotting.
Focus formation assay
3610
5 NIH3T3 ®broblasts were plated in 6 cm dishes and transfected 20 h later with 200 ng of pN1bactinEGFP (7) containing the appropriate construct and 1800 ng of pbactinEGFP. The latter was used as carrier DNA. Cells were trypsinised 17 ± 20 h later and seeded into 10 cm dishes at dilutions of 1 : 3 and 1 : 12 (two each). The cells plated at the lower dilution were used for focus formation analysis and grown in DMEM containing 10% newborn calf serum, the remaining two dishes were used for G418 selection and cultured in DMEM containing 10% newborn calf serum and 2.5 mg/ml of G418 (Genetecin, Gibco-BRL). After 8 days (focus formation assay) or 5 days (G418 selection), cells were ®xed with 1% glutaraldehyde, stained with crystal violet, and the foci and G418-resistant colonies were counted. Finally, the number of foci per mg of DNA and the number of foci per 1000 G418 resistant colonies were calculated (Willumsen et al., 1996) .
